High-resolution IR spectra of ethylene cooled in a molecular jet have been investigated revealing perturbations of some rovibrational lines of n 9 and n 11 fundamentals due to resonant Coriolis interactions. In the range of J up to 4, two combination states, n 3 / n 8 / n 10 and n 6 / n 8 / n 10 , were shown to be the strongest local perturbers. Borrowing of dipole moments due to third-order Coriolis interaction was observed and the appropriate rovibrational lines of the combination bands were assigned. Modeling of the observed spectra was achieved using the power expansion of the Hamiltonian and the dipole moment operator in the frame of tensorial formalism of the symmetry point group of the molecule. The coupling of 32 vibrational combination states with the n 9 and n 11 fundamentals via cubic anharmonicity and Coriolis interaction was considered. Many new coupling parameters have been determined. ᭧ 1997 Academic Press
INTRODUCTION
essentially reduces the complexity of the spectra under investigation thus making the assignment of observed lines more The development of high-resolution laser techniques reliable. The jet technique also results in the narrowing of makes it possible to obtain detailed information on IR and spectral lines and by means of laser spectroscopy a resolution Raman spectra of polyatomic molecules. The spectra of eth-of 10 04 cm 01 can be achieved. ylene were often investigated; see, e.g., Refs. (1) (2) (3) (4) (5) (6) (7) and
In this paper we present the results of an investigation of references therein. Coriolis interaction between the n 7 , n 10 , in particular local resonances in ethylene observed at low n 12 10 mm IR active bands and the nonactive n 4 band was temperature in a molecular jet using a 3 mm F-Center Laser shown to perturb significantly the infrared spectrum of ethyl-(FCL) spectrometer. The spectra were recorded with a resoene (5, 8) . Note that here the fundamentals are numbered lution of 6 1 
10
04 cm 01 and some doublets corresponding according to Herzberg's convention (9) . In the 3 mm region to the heavily mixed rovibrational states were observed. The the rotational-vibrational spectra of n 9 and n 11 fundamen-main lines of the doublets were assigned to the fundamentals tals, coupled by Coriolis interaction, were shown to be per-n 9 and n 11 while satellites correspond to combination bands turbed due to cubic anharmonicity interaction with the n 2 / n 3 / n 8 / n 10 and n 6 / n 8 / n 10 . The resonances between n 12 and 2n 10 / n 12 combination bands (12) . The interest to {J, 4, 0} rotational states of the n 2 / n 12 vibrational level investigate coupled vibrational bands is enhanced because and {J, 3, /} rotational states of the n 9 vibrational level, not only the perturbations are observed in the spectra but as well as resonances between {J, 0, /} rotational states also because the mixing of rotational-vibrational functions of the n 9 vibrational level and {J, 1, 0} rotational states of leads to borrowing of dipole activity and defines features of the 2n 10 / n 12 vibrational level, were observed. relaxation pathways of ethylene.
To perform a comprehensive analysis of spectroscopic In the 3 mm region the density of vibrational states in the data, as many as 34 interacting vibrational states were taken energy spectrum of ethylene is rather high because among into account. The leading interactions between these states the 12 vibrational modes there are many low-frequency arise from the above-mentioned cubic anharmonicity interacmodes yielding a wealth of combination states. The effective tion and Coriolis interaction between the 10 mm n 4 , n 7 , coupling of fundamental and combination states can occur n 10 , and n 12 modes and yield perturbed rovibrational spectra due to accidental local and global resonances manifesting which could not be correctly described in the frame of the themselves in the rovibrational spectrum. The large variety model of isolated vibrational states of an asymmetric top. of allowed interactions complicates the picture of resonances The largest part of molecular spectroscopic parameters deperturbing the spectrum, especially in the region of high scribing these interactions is approximately known from rerotational quantum numbers where high-order interactions cent ab initio calculations (13) and from analysis of highcan play a significant role. By using molecular jet techniques resolution spectra of 10 mm IR active bands (5) . The thirdorder b-type Coriolis interaction was shown to be responsible we can measure molecular spectra at low temperature. This for the mixing of n 9 with n 3 / n 8 / n 10 rovibrational states THE THEORETICAL MODEL and n 11 with n 6 / n 8 / n 10 rovibrational states. Precise
For a quantitative analysis of the spectroscopic data it is spectroscopic parameters were obtained by fitting.
necessary to consider not only the n 9 , n 11 , n 2 / n 12 , and The latter parameters approximately describe, too, the per2n 10 / n 12 vibrational states, which were investigated before turbations between n 9 / n 10 and n 3 / n 8 / 2n 10 observed in (12) , but also other states which are close to n 9 and n 11 , in hot band spectra (7) . It shows that the information on that are states strongly coupled to the above states via Coriparameters of the Hamiltonian obtained from the analysis olis interactions. As the n 10 and n 12 modes participate in of the 3 mm region of energetic spectra can be applied to the Coriolis interaction between 10 mm IR active modes, describe the spectrum of higher states and might be useful investigated by (5, 8) , extra perturbations of the rotational also if one analyzes the features of spectra with very high structure of the here-studied vibrational states occur. It seems density of vibrational states where the above interactions can interesting to consider explicitly the complete scheme of the be considered in terms of intramolecular vibrational energy above interactions because this spectroscopic information redistribution (IVR) (10, 11) .
could be applied to model the higher energy states and compared to the data extracted from the analysis of rovibrational spectra of higher vibrational states. This complete scheme EXPERIMENT is also interesting because one can expect that Coriolis coupling might lead to the transfer of dipole activity from the The spectra have been recorded in a seeded molecular jet n 9 and n 11 bands to the combination bands, thus making applying an infrared-infrared double resonance technique, them observable in IR spectra. described in Refs. (6, 7) . A cw CO 2 waveguide laser and a
To count the number of vibrational states forming the continuously tunable FCL are used in a pump-probe config-basis set in this scheme, let us consider the four modes, n 4 , uration. A mixture of C 2 H 4 and SF 6 , seeded in Ar, is ex-n 7 , n 10 , and n 12 , as a four times degenerate mode n x . Then panded through a slit nozzle and the CO 2 laser is tuned to one can find six groups of vibrational states which are of resonance with an SF 6 n 3 transition (16). Rotational levels interest, namely n 9 , n 11 , and n 2 / n x , 3rn x , n 3 / n 8 / n x , in the ground state of ethylene are depleted by collisions and n 6 / n 8 / n x . The degeneracy of the groups is 1, 1, 4, with excited SF 6 molecules occurring in the expansion. In 20, 4, and 4, respectively. Thus, in total the dimension of this way, all four nuclear spin symmetry species of C 2 H 4 are this basis set amounts to 34. equally addressed (7) . The depletion of the ground state As far as transitions from the ground vibrational state are levels as well as the population of vibrationally excited levels under consideration the set of vibrational states can be diis then detected by FCL absorption, background-free.
vided into two parts: fundamental states of IR active modes The rotational temperature of approximately 40 K reached n 9 and n 11 (''bright'' states) and the other (''dark'') states. in the expansion limits the observations to low quantum The group of ''dark'' states can be divided into two subnumbers simplifying the spectra; in addition, the linewidth groups, the n 2 / n 12 , 2n 10 / n 12 , n 3 / n 8 / n 10 , n 6 / n 8 / is reduced by a factor of three as compared to the Doppler n 10 , and n 6 / n 7 / n 8 states, rotational levels of which resonantly interact with the rotational levels of ''bright'' width at room temperature. Modulation of the pump beam states and become observable, and the remaining 27 states, and detection of the probe beam intensity allows one to for which the resonant strong interaction with bright states discriminate immediately between transitions starting from is expected only in the region of high J and K quantum the ground state (cold bands) and from vibrationally excited numbers due to Coriolis interaction between the four vibrastates (hot bands) as they appear 180Њ out of phase on the tional modes n 4 , n 7 , n 10 , and n 12 . In our experiment the lock-in amplifier output (6) . Because we are concerned with latter group has not been observed. a very complicated set of transitions starting from the ground
The dipole moment of a semi-rigid molecule in the molecstate, double resonance spectra have proven to be useful to ular fixed system of coordinates can be written in the form assign the observed transitions.
The spectrum near the n 11 fundamental at 2989 cm 01 has been presented in Ref. (7) where hot bands-the positive
lines in the spectrum of Fig. 1 in Ref. (7) -corresponding to final levels in the 4000 cm 01 region are investigated. In this contribution we focus on the cold bands-the negative where the permanent dipole moment D 0 is zero in the case lines. A second double resonance jet spectrum near the n 9 of C 2 H 4 ; Q i are normal vibrational coordinates. High-order fundamental at 3105 cm 01 has been analyzed as well here. terms in the power expansion of the operator of dipole moLine positions for the cold bands were calibrated with the ment are progressively decreasing, typically by an order of C 2 H 4 atlas of Pine (12) who claims a relative frequency magnitude. By holding only the terms of the IR active n 9 and n 11 vibrational modes, Eq. [1] yields accuracy of approximately {0.0006 cm 01 .
of high-order rotational-vibrational interactions, associated D y Å 2rd 9 rq 9 , D z Å 2rd 11 rq 11 , [2] with the large rotational constant A É 5 cm 01 , is expected to exceed the resolution of 6 1 10 04 cm 01 . At the experimental where q i is the dimensionless normal coordinate of the ith temperature of about 40K the initial states with K a ú 1 and mode commonly used in spectroscopy; d 9 and d 11 are the J ú 4 are not appreciably populated; it was not possible to dipole moment matrix elements of fundamental transitions observe the corresponding rotational-vibrational lines in the of the n 9 and n 11 modes, respectively. The transformation spectra with a sufficient signal to noise ratio to permit the from the molecular fixed system to the space fixed system of accurate determination of their transition frequencies. coordinates yields the following expression for the spherical We used the power expansion of H n ,m terms and the power component of the dipole moment expansion of the dipole moment operator being different from the scheme commonly used for asymmetric tops be- 
and do not change sign under time reversal. With the help of where H n ,m designates all the power terms with the same n the commutation rule [a, a / ] Å 1, any vibrational operator, and m; n is the sum of powers of all vibrational operators forming a product of annihilation and creation operators, can and m is the sum of powers of all angular momentum operabe reduced into a sum of normalized operators in which all tors. Each H n ,m term can be classified in the frame of the creation operators are placed to the left from their nonAmat-Nielsen scheme (18) [5]
[a
pG , where G is the symmetry of the reduced representation and p is a running index used to distinguish representaWe omitted the term H 5,0 , which contains all the pentic tions of the same symmetry G if the space of operators a N i anharmonicities, because nonzero contributions of this term contains more then one irreducible representation of the symarise only in the second-order perturbation theory and it was metry G. estimated to lead to a correction of the energy of vibrational
The coupling scheme of symmetry point groups was used states smaller than the resolution and not causing an appre-to build high-order operators. In the frame of this scheme ciable mixing of vibrational wavefunctions. Also we omitted 3Gs coefficients are defined by the relation the term H 2,3 , because, as shown by Willemot (19) , the J 3 terms involving products of J x , J y , and J z contain the products of three vibrational operators and yield no matrix ele-
A , [7] ments for the case of two fundamental vibrations. For the rotational levels with K a Å 0 and 1, we expect that the where T designates a tensor, A the totally symmetric repredesired accuracy of the calculations will be attained even for J up to 10 with the Hamiltonian of the form of Eq. [5] . sentation, and T 
operators. The total set of vibrational operators contains a subspace The power of angular momentum operators is conveThe following sequence of couplings was used to build niently classified, first in the frame of the space rotation the basis of ''power operators.'' First, for each mode the group O(3). The basic tensors of this scheme of classifica-''power operators'' (a the indices R and k to designate the degree and the rank of try group of the molecule. For the D 2h group, all irreducible the angular momentum operator. The symmetry under time representations are nondegenerate and the above symmetries reversal t r of an angular momentum operator is defined by are unambiguously defined by the power of annihilation and the degree of the operator. The subspace of k-rank operators creation operators; i.e., symmetry indices will be omitted.
is divided into irreducible subspaces of the symmetry point By tensor coupling of the power operator of certain sym-
, if k is even and s is odd, metry G 1 of the first mode with the power operator of symmetry G 2 of the second mode, yielding an operator of symme- 
, if k is odd and s is odd, of the following modes, one obtains the total set of vibrational operators. Each operator of this set is characterized
if k is even and s is odd, by the indices
where the index s of spherical component of the tensor is where s equals the number of coupled modes. The resulting time symmetry of the power operator is equal to the product used as the running index p and the z-axis is assumed to be directed along the C-C bond. The angular momentum of time symmetries of power operators of each mode. The parity of operators is defined in the same way.
wavefunctions ÉJ, M, K… were also considered as tensors of rank J. For fixed K a , K c values, Eqs. [12] yield a set of The advantage of the tensorial coupling scheme is that it can be used for representation of vibrational basis wavefunc-basis wavefunctions ÉJ, M, ng… characterized by the angular Copyright ᭧ 1997 by Academic Press momentum quantum number J, the quantum number of the In our case the operator of the dipole moment is of A symmespace projection of angular momentum M, and the symmetry try. Note that, e.g., [a 9 ] B 2 /t contains annihilation and creation index ng.
operations; see Eq. [9] . The coupling of vibrational and rotational operators yields
In the basis of the wavefunctions [16] the matrix elements a complete set of rotational-vibrational operators, O l . The of the operators O l , characterized by their indices [13] , and operators of the complete set are characterized by the index that of the operator of dipole moment [17] were calculated using the well-known reduced matrix element formalism, e.g., employed in the theory of angular momentum. The [18] only operators of symmetry G O Å A, symmetric under time reversal, are allowed to appear in the power expansion of the Hamiltonian. The index G O will be omitted in the followwhere n 1 and n 2 represent all indices of the basis states, ing. The Hamiltonian possesses gerade symmetry with reexcept the symmetry indices. If g Å A the 3Gs symbol is spect to the inversion operation in the molecular fixed system equal to 1 for
In the frame of the coupling scheme of coordinates. Consequently the vibrational operators, of two subsystems a and b each n wavefunction is the result which are allowed to appear in the power expansion of the of Hamiltonian, must obey
Gi . [19] where P i Å {1 is the parity of ith vibrational mode. Thus, the Hamiltonian can be symbolically represented as the sum Similarly the T g tensor is the result of of terms allowed by symmetry
The reduced matrix element of the T g tensor can be written where O l is an interaction operator and c l is an interaction in terms of the reduced matrix elements of the coupled tenparameter.
sors as The basis set of rotational-vibrational functions was constructed by means of the tensorial coupling of vibrational
. . . ; n s g s ; g 1rrrs ; J, M, ng; G…,
where G designates the symmetry of rotational-vibrational where the result is given in terms of the reduced matrix function. The universal scheme of tensorial coupling made elements for the subsystems a and b as well as in terms of it possible to create a program package, which in principle 9G symbols; in the case of the D 2h group the 9G symbols can be applied for an arbitrarily large basis of wavefunctions yield 1, if all rows and columns satisfy the coupling relation and operators and, in fact, is limited only by the specifica-G i ᮏ g j Å G k , and otherwise zero. The calculation of matrix tions of the computers used for calculations.
elements of operators for stepwise decoupling was carried In the frame of the above-described formalism, the operaout successively using Eq. [21] . In the last step the reduced tor of the dipole moment [3] is rewritten as matrix elements of creation and annihilation operators were used
The 
[23]
factor for all lines. The spin weight factor, g i , equals 7, 3,  3, 3 for A, B 1 , B 2 , B 3 , respectively.
In the case of the D 2h group, isoscalar factors are defined
EXPERIMENTAL RESULTS AND ANALYSIS

by
In comparison with the spectra recorded at room temperature, Ref. (12), rotational-vibrational lines with high J and
K a values have much smaller intensities at the low temperature of the molecular jet and vibrational hot bands are easily 1 [24] discriminated due to the experimental technique applied. We observed certain depletion-transitions from the ground state which were also measured in (12) but not assigned. Comwhere
G k n g,s are the matrix elements of the unitary transputer simulations of low-temperature spectra revealed that formation of spherical tensors of rank J to the subspaces of for some lines of the n 9 and n 11 bands we cannot reach the symmetry point group characterized by g; k designates satisfactory agreement between the calculated and measured the component of an appropriate spherical tensor of rank J; frequencies, as long as interactions of n 9 , n 11 , n 2 / n 12 , and s indicates the component of an appropriate reduced tensor 2n 10 / n 12 with other combination bands are neglected; the of symmetry g; and C J 1 , k 1 J 2 ,k 2 ,J 3 ,k 3 is a Clebsch-Gordan coeffidiscrepancy in the frequency reaches 10 02 cm 01 . Interestcient. The above G-matrix elements can easily be deduced ingly, it was found that these lines are accompanied by unasfrom the relations [12] .
signed satellite lines. The conclusion was that irregularities Calculating the matrix elements of the dipole moment occur due to local resonances of the upper states of the operator, the reduced matrix elements of Wigner functions transitions resulting in borrowing of dipole activity from the were evaluated n 9 and n 11 bands so that dark states become observable. A preliminary analysis of possible perturbers based on available spectroscopic data, including those obtained by ab [26] where D is the matrix calculated in the basis of the wavefunctions [16] and D is the transformed matrix. The intensity of a transition f R i, compared to the results of (12), has been calculated using
Note. The letters correspond to those used in Fig. 1 . All values in cm 01 .
FIG. 1.
Satellite and main lines in the spectra of the fundamental modes n 9 (a, b) and n 11 (c). The observed spacing between satellite and main line is equal in P, Q, and R branch for each doublet. See Table 1 for identification of the lines labeled A to P.
TABLE 2 The List of Parameters which Were Kept Fixed in the Fit and Their Operators
Note. The relation between the operators presented here and most of the commonly used rotational constants follows from Eqs.
[28] -[30]; the correspondence is given in the last column. Note that operators are a combination of creation and annihilation operators (see Eq. [9] ); e.g., for 22 [a 
a The operator of this interaction has nondiagonal matrix elements in the basis of the harmonic vibrational wavefunctions. The sign of the interaction parameter was used to fix the relative phases of the appropriate wavefunctions.
b The operator of this interaction has nondiagonal matrix elements in the basis of the harmonic vibrational wavefunctions. The sign of this parameter reflects the choice of the relative phases of vibrational wavefunctions which is defined with the help of parameters a . initio calculations (13), showed that the satellite lines can the frequency difference, D, and the measured difference between main line and satellite, d / D, it was possible to be unambiguously assigned. Rovibrational states of the n 9 band are perturbed by n 3 / n 8 / n 10 states due to third-estimate the intensities of satellites. These theoretical estimates of intensities were found to be in agreement with order b-type Coriolis interaction. Similarly, the {J, K a , K c } Å {3, 1, 2} rovibrational state of the n 11 band is perturbed measured intensities.
The computer simulation of the observed spectra and the by the n 6 / n 8 / n 10 state, also due to a third-order b-type Coriolis interaction. The {3, 1, 2} rovibrational state of the fit of the spectroscopic parameters of the Hamiltonian was based on the model described in the preceding section. The n 11 band could also be perturbed by the 2n 4 / n 7 state; however, according to ab initio calculations (13), the 2n 4 rigid rotor Hamiltonian was written as / n 7 level is rather far from the n 11 level and cannot induce appreciable effects. The resulting assignments are given in H 0,2 Å a 1 rJ
[28] Table 1 and the experimental spectra with assignments are displayed in Fig. 1 was omitted, in accordance with the asymmetric top reduction convention of Watson (25) . D, where V is the matrix element of the perturbing interaction and D the energy difference between the unperturbed In this case the spectroscopic parameters of the pure rotational part of our Hamiltonian are related to the commonly levels. Provided that the intensity of the satellite is mostly defined by the resonance, the ratio of intensities of main and used rotational constants A, B, and C and to the centrifugal distortion constants 
The spectroscopic parameters obtained in (26) were used to
calculate the spectroscopic parameters a i and b i which were not varied in the fit. On the basis of the pure rotational
Hamiltonian the energy spectrum of the ground state was calculated. The energies of the upper levels of the observed
Comparison of observed and calculated spectrum. The positive lines in the observed spectrum are due to hot bands as studied in Ref. ( 7) . The lines indicated by X and Y have been assigned as n 9 {9, 0, 9} R {10, 1, 10} and 2n 10 / n 12 {9, 1, 9} R {10, 1, 10}, respectively. Here, the intensity of the satellite transition (Y), borrowing dipole moment from n 11 , is higher than the intensity of the fundamental (X), due to interference effects (see text). The calculated transitions, from left to right, correspond to n 9 {9, 0, 9} R {10, 1, 10}, n 2 / n 12 {4, 1, 3} R {3, 1, 2}, n 2 / n 12 {5, 4, 1} R {4, 4, 0}, n 9 {9, 2, 7} R {9, 3, 6}, n 3 / n 8 / n 10 {3, 0, 3} R {4, 2, 3}, n 9 {3, 1, 2} R {4, 2, 3}, n 9 {10, 2, 8} R {10, 3, 7}, 2n 10 / n 12 {9, 1, 9} R {10, 1, 10}. Two transitions were not observed probably due to the relatively high jet temperature assumed in the calculations. One transition, near 3085.95 cm 01 , shows a 0.003 cm 01 deviation; the corresponding K a Å 4 value would require higher order Hamiltonian terms to be taken into account.
transitions were determined using the measured transition responsible for the interaction of the above states was considered explicitly frequencies and the calculated energies of the ground state rotational levels. Because we did not retain the sextic centrif- tonian can be changed arbitrarily. In our case the HamiltoConsidering the cubic anharmonicity, if the vibrational nian is symmetric under time reversal and the phases of states possess a large energy gap D Å Én i / n j 0 n k É, the wavefunctions can be chosen in such a way that all the off-diagonal terms in the Hamiltonian matrix can be dealt matrix elements will be real numbers (29). We have chosen with by the perturbation theory. In our case three vibrational the parameters of cubic anharmonicity, c 1 and c 2 , to be real states, n 11 , n 2 / n 12 , and 2n 10 / n 12 , are so close that we and positive, thus fixing the phases of the wavefunctions of n 2 / n 12 and 2n 10 / n 12 with respect to the phase of the cannot use perturbation theory. The cubic anharmonicity part
TABLE 4 The List of Fit Parameters and Corresponding Operators
Note. The connection between the occurring operators and most important operators based upon normal coordinates follows from Eqs.
[28] -[30]; the correspondence is given in the last column. Parameters 64 and 65 formally stand for the band origins of n 3 and n 6 , respectively. Actually, together with 11, 14 (band origins), 49, 53, 54, 57, and 60 (cross-anharmonicities), they determine the band origin of the combination states n 3 / n 8 / n 10 and n 6 / n 8 / n 10 . Note that operators are a combination of creation and annihilation operators (see Eq. [9] ); e.g., for 85 [a
b The operator of this interaction has nondiagonal matrix elements in the basis of the harmonic vibrational wavefunctions. The sign of this parameter reflects the choice of the relative phases of vibrational wavefunctions which is defined with the help of parameters a .
wavefunction of n 11 . First we fixed the parameters to the with the ratio observed in the experiment (see ( 12) ), values obtained by ab initio calculations I n 11 :I n 2 /n 12 :I 2n 10 /n 12 Å 0.734:0.174:0.092. In particular, the calculated intensity of the 2n 10 / n 12 band was higher than c 1 Å 44.45 cm 01 , c 2 Å 13.26/ 2 cm 01 .
[33] the calculated intensity of the n 2 / n 12 band. A correction of the cubic anharmonicity parameters was introduced to achieve agreement for the ratio of intensities, because the The factor 2 is a consequence of the transformation of cubic anharmonicity appears to be the strongest interaction, normal coordinates to the ones used here; see Eq. [6] . With responsible for the transfer of the dipole activity from n 11 this factor included we can use the ab initio values of Ref.
to n 2 / n 12 and to 2n 10 / n 12 . We assumed that other contri-(13). Then in the course of the simulations we found that butions to the dipole activity of the combination states are the ratio of intensities between the prominent lines of the bands n 11 , n 2 / n 12 , and 2n 10 / n 12 is not in good agreement negligible. Thus we obtained adjusted parameters c 1 Å 
Vibrational States
the ratio of intensities of the rovibrational lines observed and calculated. By using the data of accurate absolute measurements of the line intensities (12) we found the parameters of the dipole moment
[34]
The negative sign of d 11 with respect to d 9 reflects the choice of the phase of the n 9 wavefunction with respect to the n 11 wavefunction; see below. The ab initio calculations so far performed have not addressed the problem of the relative signs of the dipole parameters. In the cross anharmonicity term H 4,0 we retained only diagonal contributions. Terms like q 9 rq 2 10 rq 12 were discarded for the same reasons as the pentic anharmonicity.
The starting values of the cross anharmonicities were taken from ab initio calculations (13) and from the data obtained by double resonance spectroscopy (15) . Only the anharmonicity parameter of the n 10 mode and the cross anharmonicity between n 2 and n 12 modes were fitted; other anharmonicity parameters were kept fixed.
The values of the fundamental frequencies of the vibrational modes were based upon ab initio calculations (13) and double resonance data (15) . The values for the modes n 4 , n 7 , n 10 , and n 12 were taken from the high resolution data (26) . The frequencies of n 9 , n 11 , n 3 , and n 6 modes were varied in our fit while other frequencies were kept fixed.
The first-order Coriolis part H 2,1 contains in our case eight terms, which are of the form
where G i ᮏ G j Å G k ; e i ,j,k is the Levi-Civita antisymmetric tensor; P is the phase factor arising from the arbitrary phases Note. Table 4 contains some couplings already of basis vibrational wavefunctions of the modes i and j. In previously considered (12) , 78 between n 9 and n 11 , 88, 89, and 90 between n 11 and n 2 / n 12 , and the basis of the wavefunctions of the vibrational states under 80 and 87 between n 9 and n 2 / n 12 . Further, there consideration the matrix elements of the operators are the newly considered couplings 91, 92, and 93
between n 2 / n 12 and 2n 10 / n 12 , 85 between 2n 10 plify the numerical calculations we omitted the latter opera-/ n 12 and n 3 / n 8 / n 10 , 86 between n 11 and n 3 tor and used the relation / n 8 / n 10 , 84 between n 11 and n 6 / n 8 / n 10 , and 83 between n 9 and n 3 / n 8 / n 10 .
[
[36] 44.0974 cm 01 and c 2 Å 10.6 cm 01 . The intensity ratios are strongly influenced by these small changes. The former parameter was kept fixed in the course of further fitting. The A similar simplification procedure was applied to the highorder Coriolis parts of the Hamiltonian H 3,1 and H 4,1 . From latter parameter, c 2 , was considered to be estimated with lower accuracy because it was limited by the accuracy of Eq. [36] it follows that the first-order parameters d i , j of the Coriolis interaction between modes i and j are equal in absothe measurement of the intensities of lines of the weak 2n 10 / n 12 ; its value was fitted. The adjustment of the cubic lute value to j values 
[37] The parameters h
, and dC i Å C i 0 C 0 , where A i , B i , and C i are the rotational constants of the ith vibrational state We have chosen the phase factors P 4,10 Å P 4,12 Å P 7,10 Å 1 determining the relative phases of the n 4 , n 7 , n 10 , and n 12 h
As a result of this convention and of the simplification of the Hamiltonian [36] we found that in the h
[40] basis of wavefunctions as used in this work, P 7,12 Å P 10,12 Å 01. The Coriolis parameters j for the modes n 4 , n 7 , n 10 , h
3 Å (dB i 0 dC i )/ 2 and n 12 were taken from Ref. (26) . The Coriolis parameters d 9, 11 and d 3, 6 were taken from Ref. (27), where the force which can be easily deduced from Eqs. [30] . Note that for field of ethylene was analyzed and the first-order Coriolis combination states, e.g., n x / n y / n z , the changes in rotaparameters were calculated accurately as one can conclude tional constants are approximated by dA Å dA x / dA y / dA z , from the comparison with available experimental data. The et cetera. This approximation suffices within the accuracy values of these parameters were chosen to be positive thus claimed here. The 12 fundamental vibrational modes are fixing the phase of the n 9 wavefunction relative to the n 11 numbered by i. The h parameters for i Å 4, 7, 10, 12 were wavefunction and the phase of the n 6 wavefunction relative obtained from the data of Ref. (26) and from the relations to the n 3 wavefunction. All first-order Coriolis parameters in Eq.
[40] and were kept fixed in the following. The h were kept fixed in the fit.
parameters for i Å 9, 11, 2, 3 were fitted. It is important to The higher order Coriolis parameters which concern the vibra-note that in our fit the h parameters of the n 3 mode represent tional states observed in the experimental spectra (n 9 , n 11 , n 2 / the dA, dB, and dC values of the n 3 / n 8 / n 10 vibrational n 12 , 2n 10 / n 12 , n 6 / n 8 / n 10 , n 3 / n 8 / n 10 ) were varied. state. The h parameters of the n 6 / n 8 / n 10 vibrational state The remaining phase factor which defines the phase of the n 3 were not yet considered because we observed only a single / n 8 / n 10 wavefunction relative to the phase of the n 9 wave-local crossing of rotational levels of n 9 and n 6 / n 8 / n 10 , function was fixed by choosing the b-type third-order Coriolis for J Å 3. interaction parameter between these states to be positive.
There are also nondiagonal terms in H 2,2 , of which only The term H 2,2 contains the diagonal terms for vibrational the term coupling n 9 with n 11 is of importance while other quantum numbers, the operators of which can be written as nondiagonal terms do not significantly contribute to the energy of the levels under consideration. The parameter of this interaction was fitted. All parameters of the H 3,2 part of the a
[38] Hamiltonian concerning the ''bright'' states and the group of ''dark'' states resonantly interacting with the bright states These terms describe the change in rotational constants of were fitted; see Table 4 . the rigid rotor with increasing vibrational quantum number Table 2 shows the values of parameters c l and their corre-£ i . Let us consider the part of H 2,2 for the ith mode sponding operator O l which were used without fitting. In Table 3 we present the list of the n 2 / n 12 , 2 n 10 / n 12 , n 9 , and n 11 energy levels which were included in the H
Copyright ᭧ 1997 by Academic Press 01 . a The intensities of the n 4 / n 7 / n 10 satellites depend sensitively on the energy gap to the main line; a small extra shift within the uncertainty of the fit, could decrease the satellite intensities below the level of observation.
fit, their experimental and calculated values, and the differ-states, respectively, and at {3, 1, 2} } {3, 0, 3} (lines A thru J in Table 1 and Fig. 1) ; the single resonance between ence. This list includes resonances revealed in the experimental spectra for the low-temperature molecular jet. Those the {3, 1, 2} } {3, 0, 3} rotational levels of n 11 and n 6 / n 8 / n 10 , respectively (lines K thru P); and the resonance are local resonances between n 9 and n 3 / n 8 / n 10 occurring at the rotational levels {2, 1, 1} } {2, 0, 2} of the two between the {4, 4, 1} rotational level of n 2 / n 12 and the {4, 3, 1} rotational level of n 9 . The participating n 3 / n 8 In Table 4 we present the list of the fitted parameters, with their uncertainties given in the parentheses, in units of / n 10 and n 6 / n 8 / n 10 levels are shown in Table 3 .
In the experimental spectra we found 11 very weak lines last digit quoted. The list of vibrational states under consideration with their band origins resulting from the fit is prewhich are not assigned to date. These lines are also present in the list of Pine (12) . Possibly these lines belong to the sented in Table 5 . The band origin of n 6 / n 7 / n 8 with an uncertainty of 0.5 cm 01 was estimated from the local rovibrational transitions of the 13 C 12 CH 4 isotopomer. This hypothesis is supported by the fact that the intensity ratio resonances observed in the rotational structure of the n 9 band for high J levels (14) . between these lines and the strongest lines of normal ethylene follows the natural abundance ratio of 12 C and 13 C. To In the fit we minimized the normalized deviation make a reliable assignment of these lines one needs additional experimental information.
S 10 / n 12 energy levels, which also contain the resonance between {J, 0, J} (referred to as {J, 0, /}) and {J, 1, J} (referred to as {J, 1, 0}) where E i ,obs is the observed energy value of the ith level, rotational levels of the vibrational states n 9 and 2n 10 / n 12 , E i ,calc is the calculated energy value of ith level, dE i ,obs is the respectively, for J Å 7, 8, 9 . These resonances reflect the uncertainty of the observed energy value, N is the number strong coupling of the levels and lead to interference of the of the data points, and n is the number of adjusted parameters dipole moments for the transitions to n 9 and to 2n 10 / n 12 . in the fit. The calculated energy values yield the dependence The interference is sensitive to the relative signs of d 9 and of S on the parameters c l of the Hamiltonian. We considered d 11 . The transition dipole moments to the 2n 10 / n 12 state the second-order expansion of S versus the variation dc l originates from the dipole moment of transitions to the n 11 state. From Fig. 2 , where the most prominent features of that resonance are displayed, it is seen that the intensity of S Å S 0 / ÌS Ìc l rdc l / 1/2r
[42] the transition 2n 10 / n 12 {9, 1, 9} R {10, 1, 10} is even higher than the intensity of the transition n 9 {9, 0, 9} R {10,
The vector F Å Ç c l S and matrix Ĉ Å Ç c l Ç c l S were calculated 1, 10}. This feature is observed both in the simulated and for a given point in the parameter space c Å {c l } applying in the observed spectra, the agreement being achieved using numerical algorithms of perturbation theory. The secondthe opposite sign for d 11 and d 9 (note that one can change order approximation of S yields an iterative expression to the signs of both dipole parameters without changing the find the stationary point, intensities of transitions). When d 11 and d 9 possess the same sign, the simulation yields the intensity of the transition c next Å c 0 C O 01 F.
[43] n 9 {9, 0, 9} R {10, 1, 10} to be higher than the intensity of the transition 2n 10 / n 12 {9, 1, 9} R {10, 1, 10}. One should note that the mutual signs of the dipole parameters are unam-At the stationary point it was possible to distinguish between biguously defined only in the case that the relative phases saddle points and the real minimum of S by calculating the of wavefunctions are fixed; in our discussion the choice of eigenvalues of the matrix Ĉ which are positive in the case nondiagonal matrix elements of the Hamiltonian provides of the minimum point. The fit of 117 energy values with 32 this unambigously.
parameters of the Hamiltonian yielded a standard deviation In the course of the fits and computer simulations it was of 0.0007 cm 01 . confirmed that the {J, 6, /} and {J, 6, 0} rotational levels of the n 3 / n 8 / n 10 and 2n 10 / n 12 states are in strong CONCLUSIONS resonance due to an a-type third-order Coriolis interaction, as previously considered by van Lerberghe (28). Without
The list of parameters of Table 4 contains many couplings that were not considered in earlier analyses of experimental taking into account this interaction it was not possible to fit the energies of rotational states even with J £ 4. To be able work (see also footnote to Table 5 ). Without these couplings we were not able to accomplish a satisfying fit. to estimate the parameters of this interaction, we included some energy levels with K a Å 6, participating in this reso- Table 6 compares newly fitted with previous parameter values. The accuracy of ab initio values is remarkable. The nance, into the fit but weighted the deviation of the calculated values with an uncertainty of 0.01 cm 01 , to account present values not only possess a much smaller uncertainty; the band origins (62-65) yield significant corrections of up for the lack of high-order terms in our model Hamiltonian. The energies of the K a Å 6 levels were deduced from the to 10 cm 01 with respect to previous knowledge. Coupling parameters 79 and 85, together with 78, 80, 83, 84, 86-93, data of Ref. (12) . For lower levels the deviation of calculated energy values was weighted with an uncertainty of where no previous information was available, form the main spectroscopic harvest of this work. 0.001 cm 01 .
